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Abstract

Introduct i on

M11k wa s heated to 200'C for 3 min in sealed
1nverted- Y-shaped glass vials and reacted wHh a
gluta raldehyde solution at that temperature. Electron microscopy of the meta !-shadowed and negatively s tained samples revealed that case 1n
micelles in the m11k did not disintegrate extensively at the high -temperature used but, rather,

Ul tra-high temperature (UHT) treatment of
milk has been developed to s i gnificantly increase
its sh elf life . The treatment, which destroys
bacteria and their spores , consists of heating
milk to a high temperature for a short period of
time (e .g . , 141 'C for 15 s [29]). The effects of
UHT and high-temp erature short-time pasteur i zation
(HTST, 92'C for 20 s) on casein micelles in milk
were studied by several authors. A s light increase
i n the mean dimensions of casein micelles wa s
found in unconcentrated mtlk [ 1, 7, 10, 11, 18,
24, 29 ] bu t in UHT -sterilized conce ntrated ski m
m1lk the mean dimension s of the case in micelles
increased twice to three-fold [5, 12]. This increa se has been reported (2, 6 , 24 , 29, 35] to be
accompanied by an increase 1n the number of particles sma ller than casein micelles . Several authors
[5, 7, 24, 29] suggested that these small particles are composed of heat-denatured whey protein s
which were not adsorbed on the casetn micelles.
An inc reased concentration of soluble casein wa s
found follow i ng heating of a sys tem consisting of
whey protein-free casein micelles [2]. Heating of
milk was a 1so reported to 1ead to the release of
macropeptides [15] and to s hifts in the mineral
constit uents from the colloidal to the soluble
sta te [2, 10, 11]. Hostett l er and Imhof [18] hypothesized that casein micelles di si ntegrate into
submtcellar particles at high temperature and,
upon cooling, the latter part ic le s reaggregate
into particles larger than the original casei n mtcel les.
The composit ion, structure, and dimensions of
casein micelles in UHT-sterilized milk may play a
role in 1ts gelation during prolonged storage [3,
12, 13]. It is now generally accepted on the basi s
of current knowledge that age-gelation of UHTsterilized milk is preceded by changes taking
place at the surface of casein mtc elle s. Questions
concerning whether such changes are caused by
enzymatic action of heat-stable proteases or are
the result of purely physico-chemical alterations
hav e not yet been unequ ivocally answered [12].
However, clarification of even some facets of the
problems may contribute to the understa nding of
the age-gelation of UHT-sterilized milk.
Changes in the casein micelle dimensions in
milk and their distr i but ion have been studied by a
variety
of techn i ques and the results
were

became enlarged. Some of them were found to be
e1ther clustered or distorted.
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reviewed [3, 16]. The techniques used Include
1 tght scattering [17], stze exclusion chromatography [24}, chromatography on controlled pore
glass [1, 21], 1 tght microscopy [34}, and electron
microscopy [4, 6, 7, 11, 13, 22, 28-33]. In the
electron microscopic studies, the casein micelles
were examined either unfixed or fixed after the
heated milk was cooled. No attempts to study the
micelles at the high temperature were reported.
For example, RUegg and Blanc [29] examined UHTtreated milk samples by electron microscopy fol 1owl ng their coo 1 t ng to room temperature. G1ycero 1
added to the milk was used as a cryoprotective
agent. Th e samples were freeze-fractured and then
repl tea ted with platinum and carbon [32]. In the
milk that had been heated, the number of submicellar particles was increased and there was also a
slight increase tn the number of large casein
particles at the expense of medium-sized micelles .
The authors hypothesized that the large particles
originated as a result of the reaggregation of
subm1cellar casein and that the submtcelles preferentially associated with large micelles al though they recognized that non-specific precipitation of heat-denatured serum proteins on casein
micelle surfaces may also have contributed to the
micelle enlargement.
The objective of this study was to subject
milk to extreme conditions, I.e., heating to 200'C
for up to 3 min , and to examine the integrity of
the cas ein micelles by electron microscopy. Such
h t gh temperatures may not be used in dairy precessi ng but may be attained in other areas such as
the manufacture of confectioneries. In order to
visualize the casein micelles in the state as they
existed at the high temperatu re, a simple aid was
developed which made tt possible to Interact the
casein micelles with glutaraldehyde at the htgh
temperature .

combined.
The tubes were opened and the

reacted mi 1k

was prepared for electron m1croscop1c examination.
Unheated milk fixed with glutaraldehyde at 25'C
was used as the control.
Electron m1 croscopy
Two electron microscopic methods were used to
examine the integrity of the casein micelles: (a)
shadowing wtth platinum and carbon (repl tea
technique) and (b) negative statntng .
In the replica technique, a droplet of the
treate d milk was spread on a freshly cleaved mtca
sheet (5 x 8 mm) pretreated wt th an aqueous 0.17:
poly-L-lystne hydrobromtde solution (60,000120,000 daltons;

Polysciences,

Inc.,

Warrington,

PA, USA) and after 1 mtn, the excess milk was
washed off wtth distilled water. Corpuscular milk
proteins (casein micelles and subm1cellar particles) adhering to the mtca sheet [23, 25] were
then dehydrated in a graded ethanol series and
cr1t1cal point-dried from carbon dioxide. FollowIng shadowing at a ftxed angle of 27' or rotary
shadowing by evaporating platinum and carbon In
vecuo (20], the replicas thus prepared were separated from the mica support by floating on a 6~
sodium hypochlorite solution. Milk proteins adherIng to the replicas were digested wtthtn 30 min.
The replicas were then washed wtth water, picked
up on 400-mesh grids, and examined tn a Phtltps

EM-300 transmission electron m1croscope operated
at 60 kV. Micrograph s were taken on 35-mm film
(Eastman Fine Grain Release Postttve Film 5302)

and intermediate negative s were made on Kodak.
Pl us-X 35 mm film [20}.
For negative staining, the f1xed milk was
diluted with a 0.01 M CaC1 2 solution tn the ratio
of 1:50 [28, 33]. A droplet of this mixture was
applied to a 200-mesh (hexagonal) grid whtch had
been coated with Formvar and carbon films and then
treated by the glow-discharge method tn order to
make the carbon surface hydrophilic [9). Then, a

Material s and Methods
Heating of milk
The skim milk used was either of coomerctal
or1g1n or was prepared from fresh pooled whole
milk obtained from the Central Experimental Farm
dairy cattle herd. Fat was separated from the
fresh mtlk by low-speed centrifugation (415 g for
30 min). Inverted-Y-shaped tubes (Fig. 1) made
from Pyrex glass were used to heat both the milk
and a 2.8% aqueous glutaraldehyde solution separately at the same ttme. The milk (0.2 ml) was
placed in one arm of the tube and the glutaraldehyde solution (0.2 ml) was placed in the other
arm . The tube was flame-sealed and the contents
were heated tn a sand bath for varying periods of
ttme. The temperature of the sand bath was matntatned at 150'±2'C or 200'±3'C. The glass tubes
were completely Immersed in the sand bath, otherwise water vapour would hav e condensed on the
cooler wall and the condensate would have flowed
down in either compartment . When the heating of
the m11k was completed, the tubes were removed
from the sand bath and Immediately inverted, which
allowed the m11k to react w1th the glutaraldehyde
solution at the high temperature. Then the mixtures were cooled to 25'C . In parallel experi ments, the milk and the glutaraldehyde solution
were allowed to cool to 25°C before they were
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t..!..a.:...... A Pyrex glass apparatus Is Injected with
mttk ( M) and glutaraldehyde solution ( G) through
f i ll i ng tube (T). The tube Is sealed (right figure } and IIMlersed In to a bath using handle {H) .
Internal volume of the sealed tube Is approximately 1. 5 ml. Measures are In mllllmetres.

218

Casein t.41celles In Heated t.4ilk:

the looser packing density (Fig. 6) were found.
Aggregated casein micelles with spiked surfaces
(Fig. 7) were also present but the incidence of
the particle clusters was low as evident from Fig.
8. Severely distorted casein micelles (Fig. 9)
were occasionally noticeable even in the vicinity
of undistorted micelles in milk heated at 200'C.
Also occasionally, clusters of two or three case i n
micelles connected by fibre-like material (Figs.
10 and 11) were seen in the heated milk.
The images of casei n micelles pre sent i n milk
which had been heated to 200'C and then cooled to
25'C prior to fixation with glutaraldehyde resembled the images of casein micelles interacted
with the glutaraldehyde solution at 200'C.
Casei n micelles shadowed with platinum and
carbon using either the stationary (unidirectional) or rotary techniques reveal thet r threedimensiona l structure in great detail. Tilting the
replicas in the electron microscope and taking
pairs of micrographs each at a different angle
makes it possible to view the three-dimensional
structure as was shown earlier [20]. However, the
technique used poses the risk that the attachment
of the casein micelles to the mica sheet treated
with polylysine may have been selective. It is
possible that only unchanged casein micelles would
be attached to the support whereas altered casein
micelles would not be attached. This would mean
that even if most of the casein micelles had
disintegrated during heating of the milk, only the
remaining intact casein micelles would become
attached to the polylysine-treated support, and
thus give an impression that there were no changes
1n the i ntegrity of the micelles. In the replication technique, milk: 1s applied to the polylysinetreated mica sheet and a few minutes later the
milk: is washed off with water . Thus, only a small
proportion of the protein particles (casein micelles and submicelles) present in the milk: remain
attached to the mica support. Subsequently, the
mica sheet with the protein particles attached is
treated with increasing concentrations of ethanol
in order to dehydrate the protein. Finally, the
material adhering to the mica support is exposed
to liquid carbon dioxide during cr1t1cal-point
drying. Because of the preparation steps involving
the use of 1 iquids such as ethanol and carbon
dioxide, it is possible that some protein particles are washed off.
For these reasons. it was
necessary to use a method which prevents the loss
of protein particles during the preparative steps
and allows the observation of the protein particles in their initial distribution ratio.
Negative staining
To overcome problems associated with shadowing, negative staining was carried out. This method was used by several authors [21, 33] to study
casein micelles in milk. It was necessary, however, to establish the optimal cond'itions for this
study. Of the several stains tested, a 3% phosphotungstic acid solution at pH 7.2 gave the best
results. Uranyl acetate applied at various concentrations and pH values reacted with the micelles
and stained them positively, whereas ammonium
molybdate caused an increase in background staining.
The mi 1k was diluted in order to obtain a
suitable distribution of the casein micelles on

droplet of an aqueous 2% sodium phosphotungstate
solution, pH 7.2, was added to the milk; after
15 s, surplus liquid was drained off with a piece
of filter paper. The grids were air-dried and
subsequently examined in the Phi 1 ips EM-300 electron microscope.
Results and Discussion
Visualization of casein particles, as they
exist i n milk while it is heated to temperatures
above the boiling point, is difficult to achieve.
Such heating can be accomplished only under elevated pressure, and fixation should be done at the
high temperature in order to preserve all changes
in the integrity of the micelles which may have
been caused by the high-temperature treatment.
This objective could be approached from two
directions. One approach was to physically fix the
hot milk by freezing it rapidly in Freon 12 at
-150°C, freeze-fracture it, and to examine platinum-and-carbon replicas by transmission electron
microscopy (TEM) . Such experiments were carried
out, but it was impossible to freeze the hot milk:
rapidly enough to prevent the development of ice
crystals and the distortion of the casein
micelles.
The other approach involved chemical fixation
[14] of casein present in the milk, in either the
micellar or submicellar forms, at the high temperature using a glutaraldehyde solution and then
cooli ng the mixture as described in the Methods
sectio n. Although 1t is not corrmon to fix biological materials with glutaraldehyde at 200'C [27],
it is believed that this reaction followed by
cooling of the mixture would not result in any
severe changes in the state of the protein particles present.
Meta 1-shadowi ng
Replication of casein micelles in fresh unheated milk: using a metal-shadowing technique
showed that they were mostly spherical (Fig. 2) .
At a high magnification, they appeared to be composed of submicelles (Fig. 3). A low concentration
of submicellar particles in the milk was also
noticeable. Intermediate negatives were made from
the original negatives in order to show areas
coated with platinum as light in colour.
In milk: that had been heated, some casein
micelles were aggregated and the incidence of
submicellar casein was somewhat increased. Also
the shapes of some of the casein micelles were
found to have been altered. The severity of the
changes depended on the intensity of the heat
treatment. In milk heated at 100°C for 3 min, the
casein micelles acquired a ragged surface topo graphy (Fig. 4). Aggregation of protein and the
formation of so - called "spik:es 11 or 11 hair" were
reported earlier also by other authors [8, 11, 13,
19 , 35]. Changes were also found in the casein
micelle ultrastructure: the submicelles were more
clearly visible (Fig. 4) than in casein micelles
in unheated milk (Fig. 3). This was probably the
result of some loosening of the bonds between the
submicelles that took: place due to the effect of
the heat treatment and this loosening may also be
responsible for the enlargement of the micelles.
In milk heated at 200°C for 3 min, casein micelles
with a tight packing density (Fig. 5) as well as
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~
Rotary shadowing of
casein micelles In unheated
milk with plat lnum and carbon
reveals t heir spherical shapes
and s lze d I str I but I on.
~
Detail of the structure of a case i n micelle In
unheated milk. Rotary s hadowI ng shows the su bml ce lles
(sma ll arrows). The perimeter
of the casein micelle Is excessively light ( large arrow)
and I acks deta I I because the
electron beam was absorbed by
passing through the platinum
coating on the vertical wall ;
this phenomenon Is characterIstic of the rotary coating
technIQUe.
~
Deta II of the s tructure of a casein micelles In
milk heated at 100°C for 3
min. Casein submlcelles ( large
arrows) and aggregated proteIn
particles (small a r rows) may
be see n .
Figs. 5 and 6. In milk heated
6
at 200 C for 3 min, some casein micelle s s how a tight
packing densit y ( Fig . 5) and
other mi ce lle s show a looser
packing density (Fig. 6) .
~Aggregated casein
micelles were present In mil k
heated at 200°C for 3 min.
Stat lonary shadowing revea Is
spl ked mIce 11 ar sur f aces.
~
The IncIdence of aggregated casein micelles
(large arrows) Is relatively
low I n mi lk heated at 200°C.
Sma I I arrow po Ints t o case I n
submlcelles .
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~Severely

distorted casein micelles (small
arrows, rotary shadowing } In milk heated at 200°C
for 3 min . Another casein micelle (large arrow )
has a regular appearance and shows the submlcellar

u I trastructure.
Figs. 10 and 11. Occasionally, protein
strands
connecting two or more micelles were noticeable In
milk heated to 200°C for 3 min .

12

~
Negative staining of casein micelles In
unheated milk.
~ Casein micelles In milk heated at
200°C
t or 3 min and mixed with a glutaraldehyde solution

at the high temperature .
casein micelles In milk heated
at 200 C for 3 min and mixed with a glutaraldehyde
solution at the high temperature.

~Aggregated

the gr1ds for electron microscopic examination so
that 1t could be observed whether or not the
casein micelles were connected to each other. The
best results were obtained by diluting the milk
with a 0.01 H CaC1 2 solution in the ratio of 1:50
as initially suggested by Nitschmann [26). Casein
micelles disintegrated In milk that had been
diluted with distilled water.
With the optimal conditions determined, casein micelles were observed both in unheated milk
(Fig. 12) and in milk heated to 200'C for 3 min,
irrespective of whether the mi 1k had been mixed
with the glutaraldehyde solution at the high temperature (Fig. 13) or after both the milk and the
glutaraldehyde solution had been cooled to 25'C.
S1m11ar to metal shadowing, casein micelle clusters (Fig. 14) were found in heated milk by negative staining. In all milk samples, submicellar

casein was also noticeable.
Electron microscopy of milk which had been
heated at 200'C for 3 min and reacted with glutaraldehyde at that temperature revealed that casein
micelles in that milk were not disintegrated, at

least not to any noticeable extent. Metal shadowi ng using the stationary or rotary technique [20]
showed the casein micelles as three-dimensional
entities, the shapes of which were slightly distorted and the submicellar structure somewhat
loosened as the result of heating . The question of
whether samples prepared by the shadowing technique would g1ve an accurate representation of the
effect of heat on the integrity of the micelles
has been answered by the results of the negative
staining method, which produced images of casein
micelles similar to those found in the con trol
(unheated) milk. Thus, the results presented do
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added phosphates and storage on changes in
ultra-high temperature short-time steri 11 zed
concentrated skim m1lk . 2. Micelle structure.
Neth. Milk Dairy J. 1£, 2D4-216.
14. Hayat MA. (1981). Fixation for Electron Microscopy. 3. Aldehydes. Acad. Press Inc., New
York, NY, 99 .
15. Hindle EJ, Wheelock JV . (1970) . The release of
peptides and glycopeptides by the action of
heat on cow's mllk. J. Dairy Res • .ll_, Jg7405.
16. Holt C. (!gas). The size distribution of bovine casein micelles: A review. Food Microstruc. i(l), l-ID.
17. Holt C, Parker TG, Dalgleish DG. (1975).
Measurements of particle sizes by elastic and
quasi-elastic 1 ight scattering. Biochim. Biophys. Acta 40D, 283-292 .
lB. Hostettler HJ;"""Imhof K, Stein J. (lg6s). Uber
den Einfluss der W!rmebehandlung und der
Lyoph ll i sat 1on auf den Verte ll ungszus tand und
die physiologischen Eigenschaften der Mllchproteine, mit besonderer BerUcksichtigung der
bel der Uperisation angewandten Thermik. 1.
Oer Etnfluss auf den Verte1lungszustand der
Mllchproteine. (Studies on the effect of heat
treatment and lyophllisation on the state of
distribution and physiological properties of
mllk proteins with special consideration to
the heat treatment conditions appl led in the
uperisation. L Effect on the state of distribution of mllk proteins). Milchwissenschaft £9.(4), 189-tga (in German) .
1g. Kal~b M, Emmons DB, Sargant AG. (1976). Mllk
gel structure. v. Microstructure of yoghurt
as related to heating of m1lk. M11chwissenschaft .ll(7), 4D2-4D8.
20. Kal~b M, Phipps-Todd BE, Allan-Wojtas P.
(1982). Milk gel structure. XIII. Rotary
shadowing of casein micelles for electron
microscopy . Mi lchwissenschaft .ll_(g), 513-S!B.
2!. Kearney RD, McGann TCA. (lg78). Application of
controlled pore glass chromatography to milk
proteins. In: Chromatography of Synthetic and
Biological Polymers, REpton (ed.) , Ellis
Horwood Ltd., Chichester, UK, 26g-274.
22. Mangino ME, Freeman NW. (lgBI). Statistically
reproducible evaluation of size of casein
micelles in raw and processed milks. J. Dairy
Sci. 64, 2025-2D3D.
23. Mazia 0. Schatten G, Sale w. (lg75). Adhesion
of cells to surfaces coated with polylysine.
Applications to electron microscopy. J. Cell
Biol. 66, lgB-200.
24. Morr cv-:- (lg6g). Protein aggregation in convent 1ana 1 and ultra-h 1gh temperature heated
skim milk. J. Dairy Sci. g, 1174- IIBD.
25. Nagarajan P, Bates LS. (lgBI). A rapid poly-Llysine schedule for SEM studies of acetolyzed
pollen grains (1). Pollen Spores ll(2), 27327g .
26. Nitschmann H. (lg4g), Electron microscopic
determination of calcium caseinate particles
in milk. Helv. Chim. Acta 32, 1258-1264 (in
German) .
27. Peracchia C, Mittler BS. (lg72). New glutaraldehyde fixation procedure. J. Ultrastruct.
Res . ~. 57-64.

not support the hypothesis [18) that upon severe
heat treatment casein micelles disintegrate into
submicelles which reassociate upon cooling.
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the micelle surface, actually be due to aggregates
of whey proteins? If you were to heat washed micelles, not mllk, would you expect any differences
in structu re?
Authors: The s urfa ce of washed casein m1celles
showed no protein aggregates (roughness) due to
heating to 10D'C.

Discussion with Reviewers
Y. Kakuda: Does all the liquid (water from the
skim milk and glutaraldehyde and glutaraldehyde
itself) vaporize under these conditions? If most
of the water vaporizes, then dry caseins would be
left on the bottom of the tube. Is it possible for
unhydrated casein micelles to be less prone to
disintegration, hence the results you see?
Authors: The water in the sample and the glutaraldehyde solution vaporizes only if the vial is not
completely 1nmersed in the sand bath; the water
then condenses on the inside wall at the cooler
top of the vial. No water condensation was observed provided that the vial was fully inmersed.
In earlier experiments, where this defect occurred, the evaporated mi 1k was not examined but was
discarded.

Y. Kakuda: Could the glutaraldehyde vapour fix the
unhydrated casein micelles during the heating
process and prevent disintegration as well?
N. A. Carrell: The authors state that the milk was
reacted with glutaraldehyde at 200'C. However, the
milk was mixed with glutaraldehyde at that temperature and there are no data to prove that the
react Jon did not occur at a 1ower temperature due
to vaporization of glutaraldehyde. Nor is there
any evidence that glutaraldehyde, that had been
subjected to high heat and pressure, functions in
the same manner as glutaraldehyde that had not
been treated in this manner. Since the conclusion
is based entirely on the premise that the micelles
were fixed at high temperature, and since the
effect of high heat treatment on milk is such an
important issue, I feel that the premise must be
substantiated. Two simple experiments would provide this proof:
To test the effect of heat and pressure on
glutaraldehyde functi ona lity, milk (at room temperature) could be fi xed with glutaraldehyde which
has not been he a ted and, separately, with g l uta raldehyde which has been heated in the seal ed tube

Reviewer 1: Why was size distribution not estab1 i shed?
Authors: Extensive experiments would be required
to correctly establish the size distribution, but
the data would not be important in this particular
study, the objective of which was to only examine
whether casein micelle s would disintegrate when
exposed to 200 °C for 3 min.
N. A. Carrell : Can you quantitate the aggregation
and incide nce of submicellar casein? This is not
evident on the fields shown.
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to 200'C and then cooled. Then, the resulting
structures could be compared.
To test whether the flxation did indeed occur
after 111x1no, a simple biochemical experiment
could be carried out. Milk could be (I} not mixed
w1th glutaraldehyde, (2) mixed wlth glutaraldehyde
at 200'C as described in the manuscript, and (3}
heated to 200'C in the special vial containing
glutaraldehyde in the other arm but not mixed with
the fixative after cooling. The samples could then
be ana l yzed by gel electrophoresis or by HPLC.
Either technique would indicate whether the caseins 1n the milk from Treatment 3 were crosslinked by glutaraldehyde as those in Treatment 2
would be, or were not crosslinked, as those in
Treatment I would be.
Secondly, all the experiments were done w1th
milk. The whey proteins in the milk can, and do,

attach to casein micelles as a result of heating.
This could contribute to an increase in micellar
dimensions. Additionally, both heat and glutaraldehyde fixation cause aggregation of whey proteins. Is it possible that these aggregates, and
not submicelles, are what we see on lhe surface of
the micell es in Figs. 4 and 6? If washed micelles
were heated and fixed as the milk was and the same
structures were observed, then the effect of whey
proteins cou ld be ruled out.
Authors: Whey protein aggregates as well as casein
submicelles may be seen in Figs. 4 and 6.
We agree that the suggestions for additional
experiments outlined above are excellent and
should be followed. However, we cannot extend the
study at this time and will return to this subject
at a later date.

224

